A lthough the incidence of the disease tularemia is low and although drugs are available for treatment, interest in the causative agent Francisella tularensis remains due to its highly infectious nature and because of the possibility that F. tularensis could be used deliberately as a bioterror agent. Currently, treatment of tularemia consists of a single course of streptomycin augmented with a fluoroquinolone if needed (1) . While the emergence of naturally resistant strains is rare, there is a need for new chemotherapeutics to treat acute disseminated infections due to the fact that current therapies must be administered early during infection for positive disease outcome. Further, due to the low 50% lethal dose (LD 50 ; Ͻ50 CFU) of F. tularensis, antibiotic treatments that result in 100% clearance of the bacteria are required (1) (2) (3) .
The bacterial type II fatty acid synthesis (FAS-II) pathway is distinct from the mammalian fatty acid biosynthesis pathway and therefore has emerged as an attractive pathway for novel therapeutic intervention. As a rate-limiting step in the FAS-II system, the enoyl-ACP reductase enzyme FabI has been a prime example of an enzyme that can be targeted for clinically relevant drug discovery. As part of our broad-spectrum drug discovery program, we have developed a series of lead compounds with activity against FAS-II enoyl-ACP reductases of Mycobacterium tuberculosis and priority pathogens F. tularensis, Burkholderia pseudomallei, and Yersinia pestis (4) (5) (6) . Lead compounds have been shown to inhibit F. tularensis FabI (FtFabI) enoyl-ACP reductase activity in vitro and demonstrate efficacy against F. tularensis in the mouse model of infection (4, 6) . Since drug efficacy in host models only indirectly demonstrates the essentiality of the FtfabI gene product because of possible off-target effects, there is a need to directly determine the requirement for FtFabI for de novo synthesis of fatty acids and activity during infection.
Recently it has been reported that there is a significant decrease in expression and production of FAS-II enzymes encoded by Streptococcus agalactiae in the presence of exogenous fatty acids. This observation indicates that this bacterium can utilize host lipids to circumvent de novo fatty acid biosynthesis (7) . Based on this observation, it has been argued that the FAS-II pathway is not a suitable antimicrobial target for Gram-positive organisms because fatty acid synthesis is not essential in the host environment. However, it has also been demonstrated that fatty acid synthesis is required to maintain viability of the Gram-positive organism Staphylococcus aureus, and the differences observed in the essentiality of the enoyl-reductase step of FAS-II may be dependent on the ability of pathogens to subsist on exogenously supplied fatty acids (8) . The heterogeneity of these observations suggests that there are organism-specific capabilities in terms of nutrient uptake and utilization that may rely heavily on the evolutionary background, the metabolic capacity, and the pathobiological niche that an organism occupies (7, 9, 10) .
While the utilization of host lipids and the extent to which host lipids can be used appear to be more relevant to Gram-positive organisms and applicable to specific species of Gram-positive bacteria, it is important to evaluate FAS-II essentiality on a pathogenby-pathogen basis. Gram-negative bacteria are known to be able to take up exogenous lipids and utilize them as intermediate substrates for the synthesis of phospholipids; however, unique bacte-rial lipids cannot be obtained directly from host sources, thus requiring biosynthesis by the bacterium. Notably, F. tularensis is characterized by hydroxyl fatty acids (11), and the major lipid A form is tetraacylated with 3-hydroxyoctadecanoic acid, 3-hydroxyhexadecanoic acid, hexadecanoic acid, and tetradecanoic acid (12) . Although the unique lipid components of F. tularensis are unlikely to be supplied by the host and incorporated as intermediates without biosynthesis, as part of a rigorous academic drug discovery program there is a need to determine if FtFabI is essential under infectious conditions in order to efficiently translate in vitro potency to in vivo efficacy and to substantiate this protein as a clinically relevant drug target.
To experimentally substantiate FtFabI as a clinically relevant drug target for the treatment of tularemia, we set out to verify that FtFabI activity is essential for growth, that FtfabI expression is not influenced by the presence of an exogenously supplied mixture of long-chain lipids, and that FtfabI is expressed during infection. We report here that de novo biosynthesis of fatty acids is essential in vitro based on the inability to obtain an auxotrophic strain in the presence of exogenous fatty acids. The presence of exogenous fatty acids does not alter the transcriptional activity of fatty acid biosynthetic genes or FtfabI, and whole-genome transcriptional profiling of F. tularemia in infected tissues showed that FtfabI and other fatty acid biosynthetic genes were active during infection. In addition, the MICs of known FtFabI lead inhibitors and fatty acid biosynthesis inhibitors were unaffected in vitro by supplementation with a mixture of long-chain lipids to the culture medium. Together, the inability to engineer an FtfabI conditional mutant and the transcriptional profile observed during infection demonstrate the essentiality of FtfabI to bacterial viability and confirm the FAS-II pathway as a clinically relevant drug target for the priority pathogen F. tularensis.
MATERIALS AND METHODS
Bacterial strains and growth. F. tularensis Schu4 and F. tularensis LVS were provided by J. Petersen (Centers for Disease Control, Fort Collins, CO). In general, F. tularensis Schu4 and LVS strains were cultured in Mueller-Hinton broth (BD) modified with 0.025% ferric pyrophosphate (Sigma-Aldrich), 2% IsoVitaleX (BD), and 0.1% glucose (Sigma-Aldrich) at 37°C with constant shaking overnight. For the fatty acid supplementation studies, F. tularensis was grown in modified Mueller-Hinton broth supplemented with 1% lipid mixture containing 2 g/ml arachidonic and 10 g/ml each linoleic, linolenic, myristic, oleic, palmitic, and stearic acid (Invitrogen).
Drug treatment studies. The MIC of ketoacyl-ACP synthase (FabF) inhibitors thiolactomycin and cerulenin and enoyl-ACP reductase (FabI) inhibitors triclosan and SBPT04 were assessed, as previously described (4), against bacteria grown either in the presence or the absence of the exogenous lipid mixture.
The effect of exogenous long-chain lipids on the recovery of treated F. tularensis was assessed by treating F. tularensis with either triclosan at 1ϫ MIC (0.062 mg/liter) or SBPT04 at 1ϫ MIC (0.25 mg/liter) for 18 h. Then, the concentration of each drug was reduced by a 1:1,000 dilution into Mueller-Hinton broth with or without 1% lipid mixture supplement. Viable bacterial growth was determined by plating serial 10-fold dilutions at 0, 2, 4, 6, and 8 h after antibiotic exposure.
Construction and manipulation of fabI merodiploid, deletion, and conditional alleles. Plasmids used in this study were recombinant derivatives of F. tularensis chromosomal integration vectors pMP812 and pMP815 (13) , provided by H. P. Schweitzer, Colorado State University. Cloning and strain maintenance were carried out in Escherichia coli DH5␣ (Life Technologies) in Luria-Bertani broth (Becton, Dickinson). Phusion High-Fidelity DNA polymerase, restriction endonucleases, site-directed mutagenesis, and other DNA modifying enzymes were supplied by New England BioLabs, and genomic, plasmid, and amplicon DNAs were purified with reagents manufactured by Qiagen. Oligonucleotides were synthesized by Integrated DNA Technologies.
All electroporations, transformations of sucrose-competent F. tularensis LVS and Schu4 with pMP815-or pMP812-based allelic exchange constructs, and subsequent generation of primary and secondary recombinants were performed as described by LoVullo et al. (13) . The FtfabI merodiploid strain was constructed as follows. Two fragments, a 202-bp element containing the rpsL promoter and the 783-bp FtfabI coding sequence (CDS) with 126 bp of downstream sequence, were amplified from F. tularensis Schu4 DNA and cloned into the blaB integration vector pMP815. A 5ϫHis tag was engineered into the construct by site-directed mutagenesis. The ⌬FtfabI mutant was created using two nonsequential fragments with extensions providing overlapping ends amplified from the FtfabI genomic region of LVS DNA. The two fragments were combined in a second amplification and were cloned into a sacB suicide plasmid pMP812 (13) to form a 356-bp deletion of the fabI promoter and 5= CDS sequences flanked by 535 bp upstream and 759 bp downstream. The FtfabI conditional mutation allele created from a segment of the Schu4 FtfabI genomic region including 435 bp upstream and 437 bp downstream of sequence coding residue T241 was cloned into pMP812. The T241 codon was converted from ACT to TTT by site-directed mutagenesis to create T241F, orthologous to the fabI S241F mutation in temperature-sensitive E. coli JP1111 (14) .
F. tularensis mouse model of infection and isolation of bacterial RNA from infected tissues. Six-week-old female C57BL/6 mice were purchased from Jackson Laboratories, Bar Harbor, ME. All mice were housed in sterile microisolator cages in the laboratory animal resources facility or in the Regional Biocontainment Laboratory biosafety level 3 (BSL-3) facility at Colorado State University (Fort Collins, CO) and provided water and food ad libitum. All research involving animals was conducted in accordance with the Animal Care and Use Committee-approved animal guidelines and protocols. Mice were infected with F. tularensis Schu4 via the intranasal (i.n.) route. Mice were anesthetized with ketamine-xylazine, and 10 l of inoculum (50 to 100 CFU) was administered to each of the nares in sequential droplets, allowing mice to inhale the fluid (20 l total). Infected mice were monitored for morbidity twice daily and were euthanized at predetermined endpoints.
Lungs and spleen from infected mice were homogenized in TRIzol (Invitrogen), and total RNA was extracted using phenol-chloroform and ethanol precipitation. Samples were DNase I (Fermentas) treated to remove genomic DNA contaminants. Total RNA was depleted for rRNA and polyadenylated RNA using Ribominus Mouse and Bacterial Modules and a poly(T) Dynabead module (Invitrogen). The resulting samples, enriched for F. tularensis RNA, were pooled and converted to cDNA (Superscipt III; Invitrogen) and amplified using Klenow fragment (Fermentas) and random hexamer primers (3 g/l; Invitrogen, Carlsbad, CA), in the presence of Cy3-coupled dUTPs (GE), at 37°C for 2 h. Amplified cDNA was purified using a PCR purification kit (Qiagen).
In vivo transcriptional analysis. Custom 70-mer, cDNA oligonucleotide sets designed from the fully assembled genome of F. tularensis Schu4 (Operon Biotechnologies) were printed in-house using a Bio-Rad Chipwriter Pro microarray printer on polyamine-coated glass microarray slides (Array-it). Slides were postprocessed by UV cross-linking, blocked with blocking buffer consisting of 10% bovine serum albumin (BSA; Sigma-Aldrich) and 3ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate), rinsed with water, and dried. Labeled cDNA was combined with 1:1:0.2 formamide-20ϫ SSC-10% SDS hybridization buffer and 10 g of Saccharomyces cerevisiae tRNA (Sigma), heated to 98°C for 2 min, cooled, and applied under a coverslip placed above the array on the glass slide. Arrays were hybridized at 42°C for 16 h in the dark. Arrays were washed in a decreasing SSC gradient and dried.
Arrays were scanned using a Genepix Pro 4000B scanner and Genepix software. Raw intensity values were normalized across technical triplicates and analyzed for presence or absence based on fluorescence intensity. Genes were considered present if the fluorescence intensity was greater than two times the background fluorescence intensity (signal-to-noise ratio [SNR] of 2), corresponding to the lowest detectable signal (Gene Expression Omnibus [GEO] accession number GSE39871). Gene lists were grouped by functional annotation to determine biochemical pathways that were overrepresented in the data set. Genes of interest that were observed as expressed during infection using arrays were confirmed using quantitative real-time PCR. Briefly, cDNA synthesis from total RNA was carried out using a First Strand cDNA Synthesis Kit (Invitrogen). One microgram of total RNA was combined with random hexamer and heated for 5 min. Ten microliters of buffered enzyme mix (2 l of 10ϫ buffer, 4 l of MgCl 2 [6 mM], 2 l of 0.1 M dithiothreitol [DTT], 1 l of RNase Out, and 1 l of Superscript) was added and incubated at 25°C for 10 min, at 50°C for 50 min, and at 85°C for 5 min. Platinum SYBR green quantitative PCR (qPCR) Supermix-UDG (Invitrogen) was combined with gene-specific primers (5 nmol) and 50 ng of template (cDNA) and run in triplicate on an IQ5 thermocycler (Bio-Rad). Resulting data from each condition were compared to values for uninfected controls in an independent fashion using the ⌬C T (where C T is threshold cycle) method.
RESULTS
Exogenous long-chain lipids do not alter transcriptional response of fatty acid biosynthetic components. It is known that the transcription and production of components within a biosynthetic pathway are responsive relative to their utilization and requirement for growth. Therefore, the transcriptional profile resulting from growth under different nutrient conditions and environments can be used for comparison as well as for assessing the involvement of specific metabolic processes (e.g., fatty acid synthesis and ␤-oxidation) that respond if fatty acids are utilized as intermediate substrates for macromolecular synthesis. Accordingly, the transcriptional activity of F. tularensis grown in defined medium and in medium supplemented with a mixture of longchain lipids was assessed using F. tularensis whole-genome microarrays. Analyses of the global transcriptional responses revealed a concordance of 84% between bacteria grown in fatty acidsupplemented medium and bacteria grown in control medium (variance of Ͻ 0.05; differentially expressed greater than 1.5-fold). Specifically, fatty acid biosynthesis genes accA, accB, accC, and accD encoding the malonyl-coenzyme A (CoA) synthase and fabF, fabG, fabH, fabI, and fabZ encoding FAS-II components were not differentially expressed, nor were FTT0910 encoding a putative phospholipase, FTT0941c encoding a putative esterase/lipase, and fadD1, fadD2, and acbP, which encode the ␤-oxidation components annotated in the F. tularensis genome (Fig. 1A and B) . The resulting 94% concordance in the transcriptional responses of 23 open reading frames (ORFs) involved in fatty acid metabolism between bacteria grown with exogenous fatty acid supplementation and control bacteria indicates that exogenous host lipids do not drastically affect the metabolic flux of F. tularensis FAS-II and ␤-oxidation.
FtfabI is essential for growth even in the presence of exogenous fatty acids. Although the fatty acid biosynthetic pathway is attractive for drug discovery and is the target for the antituberculosis drug isoniazid that targets the enoyl-ACP reductase InhA in M. tuberculosis (15) and although inhibitors of the Staphylococcus aureus FabI enzyme have in vivo activity (16) (17) (18) (19) , we wanted to establish that FtFabI was essential for growth. We have developed long-residence-time inhibitors of InhA (20, 21) , saFabI (22) , and the F. tularensis FabI enzyme (FtFabI) (6), one of which (SBPT04) demonstrates 100% efficacy, controls dissemination, and prevents relapse in an animal model of tularemia (4) . However, a recent report raised the possibility that at least in some bacteria, de novo fatty acid synthesis may not be required for growth in the presence of fatty acids, which are thought to be present in the host environment (7) . Therefore, to confirm that FtfabI is essential for growth even when supplied with exogenous fatty acids, we employed molecular approaches to assess the essentiality of FtfabI and de novo fatty acid biosynthesis in the presence of exogenous long-chain lipids. Based on the rationale that F. tularensis utilizes exogenous lipids, it should be possible to create a fatty acid-auxotrophic strain with lipid supplementation. After a population screen was performed in the absence and presence of exogenously supplied fatty acids, it was determined that availability of fatty acids cannot rescue a native FtfabI mutant. After multiple attempts, we were unable to engineer a stable FtfabI knockout strain even in the presence of a second copy of FtfabI, and we were not able to create a temperature-sensitive conditional mutant strain. The inability to develop a stable merodiploid-complemented knockout strain or a conditional mutant is consistent with our observations with other bacterial pathogens and those reported in M. tuberculosis that expression and production of enoyl-ACP reductases are tightly controlled and that the bacterium does not readily tolerate manipulation of FtfabI (23) . Specifically, the fact that we were unable to engineer a fatty acid-auxotrophic strain or a stable merodiploid-complement strain substantiates that FtfabI is essential and that its activity is not bypassed by the availability of exogenous long-chain lipids.
Inhibition of FtFabI is gene dosage dependent. To confirm that the molecular target for triclosan and SBPT04 is FtFabI, a gene dosage drug sensitivity study was performed. Since high-level expression of FtfabI is not well tolerated, low-level expression was used to demonstrate a correlation between FtfabI expression and an increase in MIC. Expression of FtfabI at approximately 3.5-fold ( Fig. 2A) resulted in 2.4-fold and 2.3-fold increases in the MICs of triclosan and SBPT04, respectively (Fig. 2B) . Importantly, the gene dosage-associated increase in MIC demonstrates that the molecular target for triclosan and SBPT04 in F. tularensis is FtFabI, which further substantiates that F. tularensis cannot utilize exogenous fatty acids to bypass FtFabI inhibition.
Inhibition of FtFabI and fatty acid biosynthesis are unaffected by exogenous long-chain lipids. To directly assess whether exogenous long-chain lipids alter the sensitivity of FtFabI-inhibitory compounds, we tested the MICs of the known FabI inhibitors, triclosan and SBPT04 (4), along with known FabF inhibitors thiolactomycin and cerulenin as positive controls. The ability of F. tularensis to utilize exogenous long-chain lipids to circumvent FtFabI inhibition was evaluated by determining the MIC and posttreatment rescue.
The MICs of the FtFabI inhibitors triclosan and SBPT04 were determined in the presence of long-chain lipids. FabF inhibitors thiolactomycin and cerulenin were tested as positive controls for inhibition of fatty acid synthesis to ensure that the observed effects were not due to off-target effects or drug binding by exogenous lipids. There was no difference in inhibitory activities of FabI or FabF inhibitors when they were tested with exogenous long-chain lipid supplementation compared to results in unsupplemented controls (Table 1) .
Similarly, exogenous long-chain lipids did not reverse the inhibitory activity of triclosan or SBPT04. Supplying exogenous long-chain lipids for up to 8 h after drug treatment did not alter the recovery and growth of bacteria treated for 18 h. These results are consistent with the inability to obtain an auxotrophic strain of F. tularensis and indicate that F. tularensis requires de novo fatty acid biosynthesis and cannot subsist solely on freely available lipids.
The F. tularensis FAS-II pathway is transcriptionally active in infected tissues. Although bacteria grown in defined culture medium displayed a transcriptional response that indicated that they could not utilize exogenously supplied fatty acids for fatty acid synthesis, it is still necessary to assess whether the transcrip- tional profile of bacteria from infected tissues shows a pattern of fatty acid gene expression consistent with active de novo fatty acid biosynthesis. Accordingly, the whole bacterial genome transcriptional response of F. tularensis obtained from infected host tissues was assessed using F. tularensis whole-genome DNA microarrays. We have studied the host response to infection with F. tularensis and dissemination to secondary sites and have determined that infection of the spleen is an important indicator of disease progression and mortality (24) and thus is an important consideration for drug discovery and development of clinically relevant agents. Accordingly, total RNA from spleen samples was harvested at 120 h postinfection and pooled from two mice for microarray analysis. Array data were subjected to a threshold cutoff based on signal-to-noise ratios to identify F. tularensis Schu4 ORFs that were present, thus discriminating between F. tularensis ORFs that are transcriptionally active in infected tissue. Genes that had a transcriptional signal-to-noise ratio of 2 or greater were deemed to be present, thus implicating activity of a metabolic pathway. In addition, triplicate arrays allowed the elimination of any feature that was flagged as poor quality on any of the three arrays to increase stringency of calling active metabolism. Overall, a total of 1,022 F. tularensis Schu4 ORFs were identified as transcriptionally active in the spleens of infected mice (data not shown). Gene lists were subjected to functional enrichment analysis to determine pathways that had a disproportionally high number of genes with a particular ontological classification. Overall, the transcriptional activity of F. tularensis from infected spleens included basic metabolic pathways of amino acid, protein biosynthesis, carbon metabolism via the tricarboxylic acid cycle (TCA) cycle, and fatty acid biosynthesis (Table 2) .
Although transcriptional activity identified by microarray provided an overall picture of the metabolic activities of F. tularensis in infected tissues, it was necessary to validate the microarray analysis and, specifically, the expression of the F. tularensis-encoded FAS-II system because of the nature of measuring transcriptional activity in complex biological samples. Accordingly, FAS-II gene (Fig. 3) , thus validating the transcriptional data obtained by microarray and further substantiating that FtfabI encodes a clinically relevant drug target.
DISCUSSION
The development of new drugs has numerous hurdles, including verification that the target of interest is necessary under conditions associated with disease and is therefore a clinically relevant drug target. Clinically relevant targets for drug discovery can be experimentally defined as those proteins that are essential, whose functions are not bypassed by available exogenous nutrients, and that are active during, and at sites of, the infection. Recently, there has been a debate about the essentiality of the bacterial FAS-II system based on the ability of some bacteria to incorporate exogenous lipids, thereby bypassing de novo fatty acid synthesis and rendering the pathway conditionally nonessential and, thus, a poor target for the development of novel therapeutics (7) . It has been shown, however, that this phenomenon is a result of the ability of individual species of bacteria to take up and utilize available nutrients (8, 9) . Notably, there have been numerous publications that have substantiated enoyl-ACP reductases as valid drug targets (15, (25) (26) (27) (28) (29) (30) (31) . Because we have a drug discovery effort targeting enoyl-ACP reductases, there is a need to demonstrate that FabI is a clinically relevant drug target in F. tularensis, despite the fact that we have previously shown the efficacy of novel FabI inhibitors both in vitro and in vivo (4, 28, 32) . To further substantiate FabI as a relevant drug target, we investigated the expression and essentiality of FtfabI in the presence of exogenously supplied fatty acids, examined whether exogenous fatty acids affect the potency of known FabI inhibitors, and determined if the F. tularensis-encoded FAS-II system is transcriptionally active during infection.
Transcriptional profiling of F. tularensis grown in the presence of exogenous lipids and recovered from the spleen revealed that the expression of fatty acid biosynthetic genes is unaffected by availability of lipids and that these genes are transcriptionally active at the site of infection. This response indicates that, despite the availability of lipids supplied exogenously or as part of the host environment, de novo fatty acid biosynthesis is still necessary to synthesize the full complement of fatty acids required for the F. tularensis cell wall. In combination, these transcriptional studies demonstrate that de novo fatty acid synthesis is not bypassed by the availability of lipids and potential short-chain fatty acid intermediates. Consistent with the lack of transcriptional response to the availability of lipids, an auxotrophic mutant could not be created. This further substantiates that exogenous lipids cannot be readily used to circumvent fatty acid biosynthesis.
Although an auxotrophic mutant could not be created, an FtfabI knockout strain was pursued in an FtfabI-merodiploid strain. Even though a second copy of FtfabI was present, generation of a stable FtfabI knockout strain of F. tularensis proved unobtainable. Further investigation via gene dosage expression studies revealed that artificial expression of FtfabI and production of FtFabI were not well tolerated. These studies demonstrated that only low-level expression was stable. This observation is consistent with observations in that the M. tuberculosis fabI, inhA, is not induced equivalently to other fatty acid biosynthetic genes (23) . These studies demonstrate that FabI activity under native control is essential, which is consistent with transposon mutant studies that did not identify FabI as a gene that could tolerate transposon insertion (33) (34) (35) (36) (37) (38) (39) .
We are currently testing novel FabI inhibitors against F. tularensis as well as priority pathogens Y. pestis and B. pseudomallei and the medically important pathogen M. tuberculosis in an effort to develop broad-spectrum antibiotics that target the FAS-II system of bacterial pathogens. Therefore, we determined if the availability of exogenous lipids altered the minimal inhibitory activity of a known FabI inhibitor and a novel FabI inhibitor developed in our drug discovery program (4, 6, 28, 32) . It was shown that there was no difference in the MICs of FabI inhibitors compared to testing without exogenous long-chain lipids. In addition, the inhibitory activity of the positive-control fatty acid inhibitors cerulenin and thiolactomycin that target the keto-acyl-ACP synthase were also unaffected by the availability of lipids. The MIC studies in the presence of exogenous lipids further substantiate that FabI in F. tularensis is a clinically relevant drug target.
Importantly, we showed FtfabI transcriptional activity both in the presence of exogenously supplied long-chain lipids and in vivo during infection, signifying that FtfabI and de novo fatty acid biosynthesis have an essential metabolic role during in the host and during infection. These data demonstrate the importance of establishing the essentiality of a drug target as well as clinical rele- vance based on the target being actively expressed during the infection and therefore readily targetable for therapeutic intervention. As the development of broad-spectrum chemotherapeutics targeting FAS-II advances, work with priority pathogens can be translated to medically important infectious diseases that affect a much larger number of patients. Together, this information can be used to substantiate fatty acid biosynthesis as well as FtFabI as a clinically relevant drug target in F. tularensis.
